Caveolae are flask-shaped invaginations in the plasma membrane that are enriched in cholesterol, glycosphingolipids, and the cholesterol-binding protein caveolin-1 [1] . Caveolin, a 21-to 24-kDa integral membrane protein, is the principal component of caveolae; the caveolin gene family consists of caveolin-1, -2, and -3. Moreover, a regulatory role for caveolin in addition to its structural function has been demonstrated. For example, the stable expression of caveolin-1 or caveolin-3 in caveolin-deficient mammalian cells induces the formation of caveolar structures [2] . Caveolin-1 acts as a scaffolding protein within the caveolar membrane and interacts with signaling proteins, such as epidermal growth factor receptor, G-proteins, Src-like kinases, Ha-Ras, insulin receptors, and integrins, regulating their activities [3] . There has been considerable interest in caveolar endocytosis because this pathway appears to be important for the cellular uptake and intracellular delivery of some toxins, viruses, bacteria, certain growth factors, and circulating proteins [4] . The general uptake of various nutrients or materials by caveolae results in the transfer of these materials from the membrane to the endoplasmic reticulum (ER), Golgi apparatus, cytoplasm, and other endomembranes [5] . In contrast to clathrin-mediated endocytosis, caveolae do not fuse with lysosomes, allowing various pathogens to escape lysosomal degradation in host cells [6] . For example, simian virus 40 (SV40) enters host cells through major histocompatibility complex class I molecules, followed by transport of the virus by caveolae to the ER [7, 8] . Cholera toxin subunit B (CTXB) is also taken up by caveolae through G M1 -binding proteins [9] . However, with the exception of the receptor-dependent internalization of microbes, the molecular and cellular mechanisms of the caveolin-dependent endocytosis of microbes into host cells remains poorly defined.
Salmonella can invade nonphagocytic cells by the cumulative action of the bacterial effector proteins SopE, SopE2 and SopB, which are delivered into host cells by a type III secretion system (TTSS) and the TTSS are all encoded within pathogenicity island I (SPI-I) [10] . The effector proteins activate signaling cascades inside the host cell, leading to a variety of responses, including the formation of actin-rich membrane ruffles, which are ultimately responsible for bacterial internalization [11] . Because ruffle formation is essential for the invasion process, elucidating the mechanism that underlies the development of these structures is critical to understanding Salmonella pathogenesis. The regulation of cortical actin dynamics in response to extracellular stimuli has been ascribed to members of the Rho family of small GTPases, including RhoA, Rac1, and Cdc42 [12] . As with other GTPases, the Rho family members cycle between active (GTP-bound) and inactive (GDP-bound) conformations through guanine nucleotide exchange factors (GEFs), which can activate GTPases by facilitating the exchange of bound GDP for GTP, leading to the activation of various signaling cascades that regulate morphology, cellular adhesion, cytokinesis, cell contraction, cell migration, and gene expression [12, 13] . Each Rho GTPase regulates a specific set of signaling cascades and induces lamellipodia, filopodia, and focal adhesions in response to diverse stimuli [14] . Among these GTPases, Cdc42 and Rac1 are activated at the apical pole during Salmonella invasion; this activation requires a bacterial effector protein injected by Salmonella. Salmonella primarily relies on a set of 3 translocated effector proteins to trigger invasion. Although Salmonella activates both Cdc42 and Rac1, only Rac1 plays a crucial role during bacterial entry at the apical pole, and the Rac1 activation requires SopE [15] . We previously reported the caveolin-dependent endocytosis of Salmonella in M-like cells and in senescent nonphagocytic host cells [16, 17] . The upregulation of caveolin in host cells led to the enhancement of Salmonella invasion. However, the molecular mechanism that underlies the role of caveolin in triggering Salmonella invasion remains unclear. Here, we provide evidence that caveolin-1 plays a critical role in SopEdependent Rac1 activation through direct interactions with these molecules, leading to the formation of membrane ruffles at the apical pole of the host-cell membrane.
MATERIALS AND METHODS

Bacterial Strains and Salmonella Invasion Assay
We used Salmonella typhimurium-SL1344 strains (wild type) and GFP-expressing S. typhimurium. The bacterial culture and invasion assay are described in the Supplementary Data. To test the specific function of SopE and SopE2, S. typhimurium mutant strains were constructed according to the method developed by Datsenko and Wanner [18] . The gene(s), carrying either kan or cat in place of the open reading frame(s), was generated by polymerase chain reaction (PCR) amplification using pairs of approximately 60-nucleotide (nt) primers with pKD13 and pKD3 as a template (Table 1, Supplementary Table 1 ). The mutants were confirmed by PCR using original and common test primers: k1 (CAGTCATAGCCGAATAGCCT) and k2 (CGGCCACAGTCGATGAATCC) for kan or C1 (TTATACG CAAGGCGACAAGG) and C2 (GATCTTCCGTCACAGG TAGG) for cat. Double mutant strains were constructed by P22HT int transduction as described previously [19] .
Biochemical Analysis
Proteins were extracted from HeLa and senescent-human diploid fibroblasts (S-HDF) and then analyzed using Western blot analysis. For downregulation or overexpression of caveolin-1, we used lentivirus (LV)-carrying siRNA-cav1 (shLenti1.1-cav1) or red fluorescent protein (RFP)-conjugated full length of caveolin-1 genes (Lenti H1.4-cav1/RFP). Caveolae-rich membrane fractions were performed essentially as previously described [20] .
Immunofluorescence
Cells were grown on glass coverslips, stained with specific antibodies, analyzed using a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss Microimaging, Inc., Jena, German).
Purification of GST-SopE
To purify GST-SopE, we used a glutathione-Sepharose 4B affinity column. GST-SopE was eluted with 10 mM glutathione and cleaved off the column by digestion with thrombin protease. Polyclonal antibody of GST-SopE was manufactured by Peptron Inc. (Daejeon, Korea). 
Affinity Precipitation Assay and Immunoprecipitation
HeLa and S-HDF cells were grown on culture plates and infected for 30 minutes with S. typhimurium (wild type) and mutant strains. Lysates of the cells were used for Rac1 activity assays using a Rac/Cdc42 assay kit according to the manufacturer's recommendations. For immunoprecipitation, the cell lysates were incubated with protein G-Sepharose beads and specific antibodies. The beads were isolated and detected using Western blot analysis with anti-Rac1, anti-caveolin-1, and anti-SopE antibodies.
Statistical Analysis
Statistical analysis was performed using Prism 5 (GraphPad, Inc., San Diego, CA, USA). Differences between experimental groups were analyzed using a 2-tailed Student t test and were considered significant for P < .05. The data are representative of at least 3 independent experiments. All details are available in the Supplementary Data.
RESULTS
Caveolin-1 overexpression leads to increased Salmonella invasion, with rapid localization of caveolin-1 to the invasive region in host cells. To evaluate the role of upregulated caveolin-1 in the entry of Salmonella into senescent host cells and M cells, we constructed an LV-carrying RFP-conjugated caveolin-1 (described in the Materials and Methods section) to overexpress RFP-caveolin-1 in HeLa cells, which do not normally express caveolin-1. RFP-caveolin-1 was stably expressed for up to 1 month in HeLa cells after LV infection ( Figure 1A ). We confirmed that Salmonella entry into HeLa cells was markedly increased by the overexpression of RFP-caveolin-1 compared with wild-type and RFP-expressing HeLa cells ( Figure 1B ), as previously reported [16] . To elucidate the relationship between caveolin-1 and Salmonella, we examined the behavior of RFP-caveolae during the invasion process of GFP-expressing Salmonella [17] using reconstituted confocal vertical sections in HeLa cells at the indicated times. Salmonella attached to the RFP-caveolin-1 membrane region within 5 minutes, and RFP-caveolin-1 expression was dramatically increased in the membrane region at which Salmonella attached ( Figure 1C , yellow circle) and the adjacent cytoplasm ( Figure 1C , white circle). For quantitative analysis of RFP-caveolin-1 during Salmonella invasion, we compared the density of RFP-caveolin-1 by confocal microscopy ( Figure 1D ). The RFP-caveolin-1 density (upper line) was markedly increased in the Salmonella-invasive membrane region and adjacent cytoplasm (red circle), whereas the density (lower line) was reduced on the other side of the membrane and cytoplasm (green circle). These results suggest that caveolae might move to the Salmonella-invasive region in order to provide an appropriate environment for the entry of Salmonella into host cells.
Salmonella Does Not Use Caveolae as a Salmonella-Containing Vacuole in Host Cells
To understand the underlying mechanism of caveolae-dependent Salmonella invasion, we first determined the localization of Salmonella and caveolae in S-HDFs after infection. Salmonella resides within a spacious membrane-bound compartment called a Salmonella-containing vacuole (SCV), which transiently exhibits features of early endosomes [21] and is coated with a protective protein in order to evade fusion with the lysosome, leading to bacterial division [22] . Because caveolae do not fuse with lysosomes, we determined if Salmonella was localized in S-HDF caveolae, which highly express caveolin-1. To assess Salmonella entry into host cells over time (data not shown), we collected host-cell lysates at 30 and 60 minutes after Salmonella infection and analyzed the samples using an antiSalmonella O-antigen antibody. Because Salmonella had completely entered the host cells after 60 minutes (Figure 2A ), the cells were lysed 60 minutes after infection and fractionated by discontinuous sucrose-gradient ultracentrifugation. Although cellular caveolae were detected in fractions 4 and 5, Salmonella was detected in fraction 12 ( Figure 2B ). Localization was confirmed by confocal microscopy. Caveolae were enriched in membrane regions, and bacteria (blue color) were localized in LAMP1-labeled SCV ( Figure 2C , white circle). These results indicate that caveolae are not involved in the formation of Salmonella-induced early endosomes, such as SCVs, in host cells.
Caveolae Are Rapidly Recruited to the Apical Pole of the Host Cell by Salmonella Infection at an Early Invasive Time
Despite evidence that links caveolae levels to Salmonella entry, the regulatory mechanism is unclear. Therefore, in order to elucidate the underlying mechanism of caveolae-mediated Salmonella entry, we determined the localization of caveolin-1 in the apical pole of S-HDFs at different times after Salmonella invasion. When Salmonella attaches to the host-cell membrane, F-actin is rearranged and induces membrane ruffles at the peripheral region called the apical pole [23] . S-HDFs were infected with Salmonella and incubated at 4°C for 30 minutes, leading to the attachment of Salmonella to the host-cell membrane. The infected cells were then incubated at 37°C, leading to the entry of Salmonella into the host cells, which were processed at the indicated times for confocal microscopy analysis ( Figure 3A) . After 10 minutes, Salmonella (white circle) attached to the membrane of the host cell (upper panel) and marked membrane ruffling occurred, with cytoskeletal rearrangements and actin condensation (white circle). Interestingly, caveolae were also enriched in the invasive membrane region along with actin condensation. After 30 minutes (middle panel), Salmonella entered the host cell and localized near the membrane, with peripheral actin condensation. The caveolae also colocalized with Salmonella in the same membrane region. As shown in Figure 2C , 60 minutes after infection, Salmonella had completely entered the cell and was localized in the hostcell cytoplasm (under panel), although it did not colocalize with caveolae. To determine whether the bacterium entered the caveolae early during invasion, we confirmed localization in caveolae fractions by sucrose-gradient ultracentrifugation at various time points. Although caveolae colocalized with the bacterium in the apical pole with actin condensation, Salmonella was not found in the caveolae ( Figure 3B ). These results indicate that caveolae play a crucial role in the entry of Salmonella, not through the formation of SCV-like endosomes to avoid bacterial degradation, but via the formation of membrane ruffles at the apical pole of the host cell. Figure 4 . Interaction of SopE with Rac1 and caveolin-1 in host cells after infection. Senescent-HDF cells were infected for 30 minutes and 60 minutes (MOI 1:100) with Salmonella, and the cells were lysed at the indicated times. A, SopE, Rac1, and GTP-bound Rac1 were detected using Western blot analysis with specific antibodies at 30 minutes after infection. B, Caveolae were isolated, and the fractions were analyzed using Western blot analysis with specific antibodies. C, The cells were lysed and proteins were extracted at the indicated times after Salmonella infection, followed by pull down with the Pak-1 domain, which specifically binds to GTP-bound Rac1, but not Rac1, or an anti-caveolin-1 antibody. The precipitated samples were analyzed using anti-Rac1, anticaveolin-1, or anti-SopE antibodies using Western blot analysis in order to determine their interaction levels. Abbreviation: MOI, multiplicity of infection.
Caveolin-1 Directly Interacts With Rac1 and SopE in Caveolae, and This Interaction Is Enhanced During Infection-Induced Membrane Ruffle Formation
Because membrane ruffle formation is essential to the invasion process, an understanding of how these structures develop is critical in order to understand Salmonella pathogenesis. Rac1, but not Cdc42, is activated during bacterial entry at the apical pole, leading to internalization of the bacterium. This activation requires the bacterial effector protein SopE [15] . Thus, we generated a specific anti-SopE antibody and confirmed SopE expression and Rac1 activation in host cells 30 minutes after Salmonella infection, when membrane ruffles formed ( Figure 4A ). To determine the role of caveolin-1 in membrane ruffling, we determined whether SopE and Rac1 localized to caveolin-rich membranes by caveolar fractionation. Rac1 was mainly localized within the caveolar fractions (4-6) with or without Salmonella infection. Interestingly, the SopE protein injected from Salmonella was detected in both the caveolar fractions (4-6) and noncaveolar fractions (8-12) 30 minutes after infection and was markedly decreased in the caveolar fraction 60 minutes after infection. By contrast, Salmonella was only detected in the noncaveolar fraction (fraction 12) at 30 minutes and increased at 60 minutes ( Figure 3B ). Although SopE was only partially localized in the caveolae, SopEdependent Rac1 activation primarily occurred in the caveolae. To determine the relationship between caveolin-1 and SopE-dependent Rac1 activation, we examined the direct interaction of caveolin-1 with SopE and Rac1 after infection. At the indicated times, cell lysates were pulled down with the Pak-1 domain, a binding peptide for GTP-bound Rac1, or anti-caveolin-1 antibody and analyzed using Western blot analysis. SopE directly interacted with GTP-Rac1 30 minutes after infection, and this interaction was reduced at 60 minutes in the host cells (Fig 4C) . Caveolin-1 also interacted with Rac1 without infection; this interaction was enhanced 30 minutes after infection and was reduced at 60 minutes. The interaction of Rac1 with SopE and cavelin-1 was further verified using Salmonella-carrying HA-tagged SopE (see Supplementary Figure 1 ). Western blot analysis using an anti-HA antibody revealed an interaction between HA-tagged SopE and GTP-Rac1/caveolin-1.
Rac1 Activation During Salmonella Invasion Process Requires Caveolin-1 and SopE
To determine whether caveolin-1 mediates the interaction between SopE and Rac1 in order to enhance Salmonella invasion, we analyzed the activity of Rac1 with or without caveolin-1 after Salmonella infection in host cells. We first overexpressed caveolin-1 in HeLa cells and then analyzed the interaction strength after infection; overexpressed caveolin-1 markedly enhanced the interaction of SopE and GTP-Rac1 ( Figure 5A ). Next, we downregulated caveolin-1 expression through siRNA treatment in S-HDFs and monitored Rac1 activation and the Rac1-SopE interaction after infection. In the presence of caveolin-1 siRNA, the interaction between GTP-Rac1 and SopE was decreased compared with control cells after infection ( Figure 5B) , and the downregulation of caveolin-1 led to decreased Salmonella invasion in S-HDFs [16] . The interaction between GTP-Rac1 and caveolin-1 was decreased by the treatment of NSC23766, which is known as an inhibitor of Rac1 activation [24] after Salmonella infection in S-HDFs ( Figure 5C ), whereas the total expression of caveolin-1 and Rac1 was not affected by this inhibitor (see Supplementary Figure 2) .
To verify the specificity of the interaction between SopE and GTP-Rac1/caveolin-1, mutant Salmonella lacking SopE, SopE2, or both was constructed and valuated. HeLa cells expressing caveolin-1 were treated with the mutant Salmonella for 30 minutes, and the cell lysates were pulled down with the Pak-1 domain and analyzed using Western blot analysis. The GTP-Rac1/caveolin-1 interaction was detected with the SopE2 mutant but not with SopE mutant or the SopE/SopE2 double mutant Salmonella (Figure 5D ). This result confirmed the specific interaction between SopE and GTP-Rac1/caveolin-1. Caveolin-1 might enhance Salmonella invasion into host cells by promoting Rac1 expression in the invasive region and also by enhancing the stable interaction between Rac1 and SopE through the formation of a complex.
DISCUSSION
Unlike clathrin-dependent endocytosis, caveolae do not fuse with lysosomes; therefore, the caveolae-dependent entry of pathogens has been suggested as a pathogen survival pathway for viruses, fungi, protozoa, and bacteria. To date, the molecular mechanisms underlying caveolae-dependent endocytosis have mainly been studied using viral or protozoan parasite models and not bacterial infection. Some evidence of the caveolaedependent endocytosis of bacterial toxins and bacteria has been reported; for example, the CTXB is taken up by caveolae by binding to their receptors in these structures [25] . Abraham's group determined that FimH-expressing (type 1 fimbriated) Escherichia coli enters bone marrow-derived mast cells through caveolae. Because CD48, a receptor for FimH, is localized in caveolae, the FimH-expressing bacteria interacted with CD48 and were internalized into mast cells through caveolae. Internalized bacteria were also observed in the caveolar fraction of mast cells, and they were surrounded by caveolin (immunogold labeled) [26] . However, the molecular mechanism underlying bacterial entry has remained unclear. Previously, we reported that host cells with upregulated caveolin-1 expression, such as M cells and senescent cells, had significantly increased levels of Salmonella infection [16, 17] . In the present study, we identified a new molecular mechanism underlying caveolaedependent Salmonella entry into nonphagocytic host cells. Our data demonstrate that upregulated caveolin-1 binds to Rac1 and stabilizes its interaction with the bacterial effector protein SopE in caveolar structures, leading to the assembly of membrane ruffles at the apical pole, which in turn leads to increased Salmonella infection both in differentiated M cells and in senescent nonphagocytic host cells.
Many pathogens use caveolae as a carrier vacuole in host cells to escape lysosomal degradation [6] . Thus, we hypothesized that Salmonella may similarly use caveolae as an SCV to escape fusion with the lysosome. We determined the localization of Salmonella in isolated caveolar structures by discontinuous sucrose-gradient ultracentrifugation; after the internalization of Salmonella into the host cells, the bacterium was not localized in the caveolae. These results suggest that Salmonella does not use caveolae as an SCV. To resolve the question of how caveolin-1 regulates the entry of Salmonella into host cells, we examined the localization of caveolin-1 and Salmonella during 3 internalization steps: interaction (10 minutes), induction of membrane ruffles (30 minutes), and full internalization (60 minutes). The fixed immunofluorescence images revealed that caveolae colocalized with Salmonella at the apical pole concomitant with actin condensation in the host-cell membrane, followed by the recruitment of caveolae to the membrane region where Salmonella also attached to the adjacent cytoplasm within Figure 5 . Caveolin-1 mediates SopE-dependent Rac1 activation, but not SopE2-dependent activation, after Salmonella infection in host cells. A, RFPlabeled caveolin-1 (RFP/Cav1) was overexpressed in HeLa cells by lentiviral infection for 48 hours, followed by infection for 30 minutes (MOI 1:10) with Salmonella. The cell lysates were pulled down with the Pak-1 domain and detected using anti-Rac1, anti-SopE, and anti-caveolin-1 antibodies. To evaluate basal expression, the cell lysates were analyzed using Western blot analysis with anti-caveolin-1 or anti-β-actin antibodies prior to pull down. B, Caveolin-1 was downregulated in senescent cells by siRNA treatment followed by infection for 30 minutes (MOI 1:100) with Salmonella. The cell lysates were pulled down with the Pak-1 domain or caveolin-1 and examined using Western blot analysis using specific antibodies after Salmonella infection. C, Senescent-HDF (S-HDF) cells were treated with NSC23766 (100 µM) for 12 hours and then infected (MOI 1:100) with Salmonella for 30 minutes. The cells were pulled down with the Pak-1 domain or caveolin-1 antibody and analyzed using Western blot analysis using specific antibodies. D, To verify the specific role of SopE and SopE2, we infected with single mutant of SopE (ΔSopE), SopE2 (ΔSopE2), and double mutant of SopE/E2 (ΔSopE/E2) Salmonella in S-HDFs, and then the cell lysates were analyzed by immunoprecipitation assay using the same materials described in (C). The data shown are from 3 independent experiments. Abbreviations: Δ, mutant; MOI, multiplicity of infection; WT, wild type. 5 minutes. These results reveal that caveolae may be involved in the early internalization of Salmonella and may differentially regulate the entry of Salmonella compared with other pathogens, such as E. coli and viruses [27] .
During the Salmonella invasion process, effector proteins are injected into the host cells through the TTSS, leading to the regulation of cellular processes, including signaling cascades for gene expression or cytoskeletal reorganization. The unique features of Salmonella entry into host cells have led to the use of Salmonella as a model organism for cell biology studies. Recently, although it has been suggested that Salmonella enterica can invade host cells via an Rck, which leads to TTSS-independent invasion [28] , most researches of Salmonella invasion have been focused on TTSSdependent invasion.
SopE has been emphasized as a major bacterial invasion factor that binds to Rac1 in order to induce membrane ruffles for phagocytosis in host cells [23] . Previous studies of the molecular mechanisms of Salmonella invasion have used mutant strains or exogenous transfection methods to determine the role of Salmonella effector proteins in host cells [29] . After infection with specific mutant strains of Salmonella, phenotypic changes occur, including changes in the cellular shapes, membrane structures, and survival of Salmonella or the host cell [30] . The role of SopE has also been revealed using mutant strains and transient expression in host cells [31] . However, because these methods impose artificial conditions, it is difficult to determine the exact role of SopE and its regulators during the invasion process. In this study, we generated a specific anti-SopE antibody and assessed protein expression in host cells after Salmonella infection to elucidate the role of SopE-dependent Rac1 activation and caveolin-1 in the invasion process. Interestingly, we detected a tripartite complex among GTP-Rac1, caveolin-1, and SopE in caveolae after Salmonella infection. Furthermore, this complex was strongly detected 30 minutes after infection, when membrane ruffles form. These interactions were not detected when host cells were infected with the ΔSopE strain of Salmonella. After Salmonella internalization at 60 minutes, SopE quickly disappeared both from the caveolar structures and the host cells, indicating that SopE might function as a major factor in the initiation of actin rearrangement via Rac1 activation. These results suggest that caveolae and Rac1-caveolin-1 may be quickly recruited to the invasion region in order to provide favorable conditions for membrane ruffle formation, followed by dissociation from Salmonella after internalization.
Although recent studies have focused on the molecular mechanisms that underlie the entry of Salmonella into host cells, there is no evidence regarding specific entry mechanisms in various cell types or for target host-cell conditions, such as in M cells in Peyer's patches and senescent host cells. M cells function as large sites for sampling antigens, including Salmonella, between tight epithelial cells [32] . Salmonella enters the gut through these M cells, although the molecular mechanism has not been clarified. It is also well known that infections with various pathogens increase in aged populations, often leading to death. Previously, we reported that senescent nonphagocytic host cells are sensitive to Salmonella infections, with upregulated caveolin-1 potentially being involved in Salmonella invasion [16] . Interestingly, M cells also express high levels of caveolin-1 after differentiating from epithelial cells, and the level of Salmonella transcytosis through M cells is markedly diminished by the downregulation of caveolin-1 [17] . Based on this study, we propose a new molecular mechanism for the caveolin-1-dependent entry of Salmonella into nonphagocytic host cells via the regulation of cytoskeletal rearrangement ( Figure 6 ). Taken together, we provide new evidence of differential infection activity that depends on cellular conditions or cellular functions via caveolin-1.
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